The maturation of 5S ribosomal ribonucleic acid (rRNA) in the obligately photoautotrophic unicellular blue-green alga Anacystis nidulans has been studied by using Until recently the blue-green algae (Cyanophyceae) have been treated taxonomically as a group of primitive organisms related to the eukaryotic algae. In the last decade, appreciation of the prokaryotic nature of this group has become more widespread, and Stanier (21, 22) has argued persuasively that the blue-green algae should now be recognized as photosynthetic bacteria. The strength of this argument derives largely from physiological and cytochemical data, and use of the powerful tools of "molecular biology" was until recently limited to demonstrations that blue-green algae possess ribosomes of the bacterial (70S) type (24), with ribosomal ribonucleic acids (rRNA's) that are the same size as bacterial rRNA's (12).
Until recently the blue-green algae (Cyanophyceae) have been treated taxonomically as a group of primitive organisms related to the eukaryotic algae. In the last decade, appreciation of the prokaryotic nature of this group has become more widespread, and Stanier (21, 22) has argued persuasively that the blue-green algae should now be recognized as photosynthetic bacteria. The strength of this argument derives largely from physiological and cytochemical data, and use of the powerful tools of "molecular biology" was until recently limited to demonstrations that blue-green algae possess ribosomes of the bacterial (70S) type (24) , with ribosomal ribonucleic acids (rRNA's) that are the same size as bacterial rRNA's (12) .
In the last two years several independent studies of the pattern of synthesis and maturation of rRNA in blue-green algae have appeared (6, 10, 20, 23) . These studies have dealt only with the two larger rRNA's (23S and 16S rRNA) and have shown that (i) these molecules are derived by posttranscriptional cleavage ("maturation") of precursors of 5 to 20% greater molecular weight (p23 and p16), (ii) maturation is blocked when protein synthesis is blocked by chloramphenicol, and (iii) no high molecular weight RNA precursor containing both 23 and 16S rRNA sequences can readily be found. The pattern of maturation of high molecular weight RNA in blue-green algae does not therefore differ from that previously documented for bacteria (14) . The mature rRNA's of these two groups do differ in metabolic stability, however. All 12 blue-green algal 23S rRNA's examined (7, 10, 23) have undergone limited cleavage at discrete sites, and, in one case, cleavage has been shown to be a postmaturational event occurring in vivo (7) . Similar specific cleavage is common among 23S rRNA's of higher plant chloroplasts, but rare among other bacterial rRNA's (14) .
In this investigation, we extend comparative studies of rRNA synthesis and maturation in blue-green algae to the third and smallest ribosomal species, 5S rRNA. Our results should be considered in the context of those from other bacterial systems, in which two different schemes for 5S rRNA maturation have been elucidated: (i) In Escherichia coli (1, 9, 14) , mature 5S rRNA (m5, 120 nucleotides in length) is derived by stepwide removal of three nucleotides from the 5' end of a precursor (p5) which is identifiable in pulse-labeling experiments and which accumulates in chloramphenicol-treated cells. Although the 5S rRNA cistrons of E. coli are part of much longer A. NIDULANS 5S RNA PRECURSOR has been documented (15) . Two precursors, P5A and P5B, which are, respectively, about 180 and 150 nucleotides long, accumulate in the presence of chloramphenicol and can be detected in pulse-labeling experiments. Each precursor independently gives rise to approximately onehalf of the mature 5S rRNA population (115 nucleotides in length), and maturation of either species involves loss of nucleotides from both the 5' and the 3' end (14, 15) .
We report here that, in the unicellular bluegreen alga Anacystis nidulans, 5S rRNA maturation involves removal of a small number of nucleotides (three to six) from a precursor species (p5), which can be identified in pulselabeling experiments. Kinetic data suggest that in A. nidulans, as in E. coli, no substantial pools of higher molecular weight precursors of mature 5S rRNA (m5) exist.
MATERIALS AND METHODS
Organism and growth conditions. A. nidulans was from an isolate originally obtained from J. Myers which we believe to be the same as Stanier's (21) Synechococcus 6301. It was maintained axenically on agar plates and grown under illumination in Allen's medium (2) as described previously (6, 7), at either 37 or 30 C. Generation times were, respectively, 5 to 7 h and 12 to 16 h at these two temperatures. E. coli B grown in tryptone-supplemented minimal medium was used for preparation of 32P-labeled marker RNA for gel electrophoresis in the presence of formaldehyde (Fig. 1) .
Isotopic labeling for kinetic studies. Logarithmically growing cultures at a density of 107 to 5 x 107 cells per ml were prelabeled by exposure to 32P-orthophosphate (carrier free, New England Nuclear Corp.) at approximately 1 gCi/ml for 3 to 5 h. The 32P label was then chased for one or more generations after centrifugation of the culture and resuspension in nonradioactive medium. "H-pulse and steady-state labeling of RNA was effected with uracil-5,6-3H (approximately 50 Ci/mmol, New England Nuclear Corp.) at 5 to 20 MCi/ml. In the kinetic experiments illustrated in Fig. 4 For analysis of formaldehyde-denatured RNA on formaldehyde-containing gels, the procedure of Boedtker (4) was followed: RNA was dissolved in 0.09 M Na,HPO4, 0.01 M NaH,P04 containing 1.1 M HCHO, heated at 63 C for 15 min, chilled, and loaded onto 2.8-10.0% composite polyacrylamide gels made as above except that polymerization was from a solution containing 0.018 M Na,HPO4, 0.002 M NaHIPO4, and 1.1 M HCHO. Electrophoresis was conducted at 50 V (5 to 7 mA per gel) for 7.5 h, in a buffer containing 0.018 M Na,HPO4, 0.002 M NaH,P04, and 1.1 M HCHO.
Purification of high specific activity 2P-RNA and oligonucleotide cataloging. With A. nidulans, preparation of high specific activity 32P-labeled RNA of sufficient purity for oligonucleotide cataloging is difficult. Only cultures of low density (less than 10' cells per ml) can be used if logarithmic growth is to be maintained, and most 32P-orthophosphate incorporated by the cells appears in heterogeneous, ribonuclease-and deoxyribonuclease-insensitive material which copurifies with RNA and migrates between 23S rRNA and transfer RNA on polyacrylamide gels. We believe this material to be polyphosphate (13) . That fraction of this material which comigrates with 5S rRNA on gels can be removed from the RNA on small preparative MAK (methylated-albumin kieselguhr) columns as described (15) .
For preparation of "2P-labeled mature 5S rRNA, 15 mCi of 32P-orthophosphate was added to a 25-ml culture in medium containing only one-fifth the normal phosphate concentration. After 1 h of growth at 37 C, the "2P was removed by centrifugation and the cells were resuspended in 100 ml of fresh medium (normal phosphate concentration) and grown for a further 15 h before lysis and RNA extractions as detailed above. For preparation of "2P-labeled precursor RNA, cells grown at 30 C in normal medium were harvested and resuspended in the glycyl-glycine-buffered medium of Van Baalen (25) , with phosphate omitted. Thirty minutes later, 50 mCi of "P-orthophosphate was added. After a 30-min labeling period at 30 C, the cells were harvested for lysis and RNA extraction.
In either case, extracted RNA was loaded onto and eluted from 1-g MAK columns as described previously (15 The oligonucleotide analysis of m5 and p5 were carried out essentially as detailed by Sanger and Brownlee (19) . The purified rRNA species were digested completely with Ti ribonuclease (Sankyo) and the digestion products were resolved first by electrophoresis at pH 3.5 on cellulose acetate strips (Oxoid) followed by transfer to and electrophoresis on DEAE paper at pH 1.7.
RESULTS
Molecular weight of A. nidulans 5S rRNA. Payne and Dyer (17) have reported the existence in a species of Nostoc (a filamentous blue-green alga) of a 5S rRNA molecule of slightly greater mobility on native polyacrylamide gels than the 5S rRNA of E. coli. The existence of 5S rRNA in a second blue-green algal species, A. nidulans, is documented in Fig.  1 , which also presents data concerning the molecular weight of this RNA. RNA was prepared from A. nidulans growing at 37 C after either pulse labeling for 30 min or continuous labeling for 16 h (steady-state labeling), with 'H-uracil at 4 uCi/ml. The 3H-labeled A. nidulans RNA was mixed with an appropriate portion of 32P-RNA from E. coli B which had been labeled for several generations and chased for several generations before lysis and extraction.
The mixed RNA's were denatured with formaldehyde and resolved on 2.8-10.0% composite polyacrylamide gels in the presence of formaldehyde as described by Boedtker (4) . This procedure eliminates effects of molecular conformation on electrophoretic mobility and allows direct comparison of molecular weights.
Steady-state 'H-labeled transfer RNA (tRNA) (4S) and 5S rRNA from A. nidulans comigrate with tRNA and 5S rRNA from E. coli on these gels. Thus the molecular weight of mature A. nidulans 5S rRNA (m5) must be the same (within about 2%) as that of E. coli (3.9 x 104, 120 nucleotides). When 3H-pulse-labeled A. nidulans RNA is analyzed together with 32p_ marker E. coli RNA, the tRNA components again migrate together, but the A. nidulans 58 material migrates slightly more slowly than E. coli m5. This slight difference in mobility corresponds to a difference in molecular weights of approximately 4%, suggesting that pulselabeled A. nidulans 5S rRNA contains from three to six more nucleotides than does mature 5S rRNA from either E. coli or A. nidulans. (Similar results are obtained when these RNA's are analyzed without denaturation on gels lacking formaldehyde, implying that conformation, in fact, does not greatly influence the relative J. BACTEIOL.
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A. NIDULANS 5S rRNA PRECURSOR mobilities of these species.) We will henceforth refer to pulse-labeled A. nidulans 5S material as p5, although proof of a precursor-product relationship between this species and m5 is deferred to a later section.
Maturation of 5S rRNA at 30 C. The suggestion that pulse-labeled 5S rRNA in A. nidulans is larger than mature 5S rRNA is further supported by the experiment shown in Fig. 2 . This figure allows a direct comparison of pulseand steady-state 3H-labeled RNA with mature (extensively chased) 32P-labeled material present as prelabel in the same cells. For this experiment, a logarithmically growing culture was 32P-prelabeled as described in Materials and Methods, and then divided into two subcultures. One 10 ACi/ml, and the other (steady-state label) was exposed for 18 h to 3H-uracil at 5 ,uCi/ml. Cultures were incubated throughout at 30 C to slow possible maturation events. As expected (Fig. 2) , 3H-pulse-labeled 5S rRNA (p5) migrated more slowly than the 32P-prelabeled m5 present in the same cells, whereas 3H-steady-state-labeled 5S rRNA was coincident with the 32P-m5.
Kinetic experiments in which disappearance of putative precursors can be correlated with appearance of mature RNA species have helped to establish the patterns of maturation of bacterial 16S and 23S rRNA (1, 14, 16) . In principle, similar 3H-pulse and chase experiments could be used to analyze 5S rRNA maturation in A.
nidulans. However, separation of p5 from m5 on gels is insufficient to allow precise quantification when both species are present. We can only conclude, from several experiments, that loss of radioactivity from the p5 component appears to be accompanied by a gain of radioactivity in the m5 component, and that the half-life of p5 is of the order of 2 to 4 h at 30 C.
Ti oligonucleotide analysis of p5 and m5 rRNA. The relative electrophoretic behavior of p5 and m5 provides strong evidence that a transition in molecular length is involved in the maturation. However, these sorts of data cannot prove that the two molecules are structurally related. We therefore have compared the Ti ribonuclease digestion products of the p5 and m5 rRNA molecules. If the designated p5 in fact is a precursor of m5 of A. nidulans, then it must contain the oligonucleotide sequences diagnostic of the mature molecule; and, if the precursor molecule is longer, then precursor-specific material should be evident. To examine this hypothesis, 32P-labeled m5 and 32P-pulse-labeled p5 were isolated and digested completely with Ti ribonuclease, and the digestion products were resolved by two-dimensional electrophoresis, all as detailed in Materials and Methods.
Autoradiograms of the resulting fingerprints are displayed in Fig. 3 .
By inspection, it is apparent that all of the m5 FIG. 3. Autoradiography of two-dimensional electrophoretic fingerprints of Tl ribonuclease digests of p5 and m5. '2P-labeled m5 and 82P-pulse-labeled p5 were prepared as described in the text and digested with Tl ribonuclease. Digestion products were resolved as described by Sanger and Brownlee (19) . A, Mature A. nidulans 5S rRNA (m5); B, precursor A. nidulans 5S rRNA (p5).
terminal sequence of m5 plus one or two additional nucleotides. The second fragment that may be present in m5 but not p5 is oligonucleotide 14 (Fig. 3A) . Instead, p5 yields oligonucleotide 23 (Fig. 3B) , which reproducibly migrates in the first electrophoretic dimension slightly more slowly than oligonucleotide 14 of mature 5S rRNA. This observation suggests that oligonucleotide 14 is the 3' terminus of A. nidulans m5, and that p5 contains one or a few additional nucleotides at its 3' terminus as well as at its 5' terminus. (Other oligonucleotides that were present in the p5 preparation but not in m5 were recovered in significantly less than unimolar concentrations; we presume that these were derived from contaminating RNA species.) The maturation of A. nidulans 5S rRNA thus involves at least tailoring at the 5' terminus and possibly at the 3' terminus as well.
Evidence against the existence of a pool of 5S rRNA precursors larger than p5. Earlier precursors of A. nidulans m5 of considerably greater molecular weight than p5 could easily escape detection on polyacrylamide gels. However, analysis of the kinetics of labeling of p5 (including the m5 derived from it) should allow us to determine whether this molecule is produced from a macromolecular precursor, the cleavage of which is rate limiting. In a general mathematical treatment of labeling kinetics, Britten and McCarthy (5) showed that, at short times t after addition of label, the amount of radioactivity in a given RNA species is proportional to tn, where n is the number of sequential steps involved in formation of the species. A log-log plot of radioactivity in the RNA versus time will give a straight line of slope n, and useful comparisons between labeling kinetics of individual RNA species and total RNA can be made in the same experiment. With this sort of analysis, Hecht et al. (11) showed that, in Bacillus subtilis, labeling of total RNA and of p16 are first order with time (n = 1), whereas labeling of m16 and m5 are third order with time (n = 3). They concluded that total RNA and p16 are primary transcription products, whereas m16 and m5 are derived from macromolecular precursors, the processing of which is rate limiting. In a similar study of E. coli, Adesnik and Levinthal (1) concluded that there is, in that organism, no sizable pool of macromolecular precursors of mature 5S rRNA larger than p5. This difference between B. subtilis and E. coli can now be explained in terms of major differences in their patterns of 5S rRNA maturation (14, 15) . Kinetics of labeling of 5S rRNA (p5 plus m5), tRNA, and total RNA in A. nidulans at 30 C were examined in the experiment illustrated in Fig. 4 . Cells prelabeled with 32P-orthophosphate and chased as detailed above were exposed to 3H-uracil (10 uCi/ml) at zero time. Samples were withdrawn and chilled with ice at intervals, and the cells were immediately harvested and lysed for extraction of RNA. After resolution on 2.8-10.0% composite polyacrylamide gels, the amounts of 3H radioactivity corresponding to total 5S material (p5 plus m5) and tRNA were determined by summation. The summed counts were then normalized to unit recovery by dividing by the total radioactivity of "2P-labeled tRNA present on each gel. The results, as normalized 3H/32P, are plotted in Fig.  4 along with the ratio of 3H to 32P in total RNA determined from trichloroacetic acid-precipitable radioactivity (see Materials and Methods). It should be noted that, although sampling intervals were quite long (the last sample being taken at 170 min), they represent small fractions of the doubling time ofA. nidulans at 30 C (more than 12 h). Thus this experiment is quite comparable to those involving sampling over a 10-min labeling period in bacteria growing with generation times of less than 1 h (1, 11) .
The slopes obtained for total RNA (1.34) and 5S rRNA (1.65) are very close to the values reported by Adesnik and Levinthal in comparable experiments with E. coli (1.30 for total RNA and 1.60 for 5S rRNA, reference 1). We share these authors' interpretations of these data, which were: (i) the slope for total RNA is probably higher than the expected value of 1.0 because of a lag in label incorporation; (ii) the value for 5S rRNA is sufficiently close to that for total RNA to suggest that, if there are macromolecular precursors of p5, the pool of such precursors is very small and quickly saturated with label. That is, with neither E. coli nor A. nidulans are such precursors expected to be detectable in extracts of pulse-labeled cells.
The slope we obtained for tRNA labeling in A. nidulans (2.18, see and 5S rRNA (p5 plus m5). 32P-prelabeled and chased cells were exposed to 3H-uracil at zero time, and samples were withdrawn at intervals either for trichloroacetic acid plating (total RNA) or for RNA extraction and resolution on 2.8-10.00%o composite polyacrylamide gels. 'H in 5S and tRNA peaks was determined by summation and normalized to unit recovery by division by the total 32P present in tRNA on each gel. Results are plotted as 'H in tRNA 3p in tRNA (-),'H in 5S rRNA . 32p in tRNA (0), or 'H in total acid-precipitable material . 32p in total acid-precipitable material (A). known to exist from other types of experiments (3, 8 
